The syntheses of stable ribosomal ribotucleic acid (RNA) and transfer RNA in bacteria depend on the concentration and activity of RNA polymerase and on the fraction of active RNA polymerase synthesizing stable RNA. These parameters were measured in Escherichia coli B/r after a nutritional shift-up from succinateminimal to glucose-amino acids medium and were found to change in complex patterns during a 1-to 2-h period after the shift-up before reaching a final steadystate level characteristic for the postshift growth medium. The combined effect of these changes was an immediate, one-step increase in the exponential rate of stable RNA synthesis and thus of ribosome synthesis. This suggests that the distribution of transcribing RNA polymerase over ribosomal and nonribosomal genes and the polymerase activity are continuously adjusted during postshift growth to some growth-limiting reaction whose rate increases exponentially. It is proposed that this reaction is the production of amino-acylated transfer RNA and that its exponentially increasing rate results in part from a gradually increasing concentration of aminoacyl transfer RNA synthetases after a shift-up. This idea was tested and is supported by a computer simulation of a nutritional shiftup.
When bacteria are shifted from a nutritionally poor to a rich medium, their growth accelerates, which involves an increased synthesis of ribosomes (27, 28) . According to current ideas (35) , one of the early physiological effects of such a nutritional shift-up is a greater extent of tRNA charging with amino acids which reduces ribosome idling and thus synthesis of guanosine tetraphosphate (17, 18) . A low concentration of this nucleotide is presumed to increase the expression of rRNA and ribosomal protein genes (6, 16, 25) , thereby stimulating ribosome synthesis. The extent of tRNA charging depends on several factors which include the concentrations of amino acids, ATP, charging enzymes, and tRNA and protein synthesis which regenerates uncharged tRNA. Since these factors respond with different time constants to a perturbation and mutually affect one another, one should expect the synthesis of ribosomes after a nutritional shift to follow complex kinetic patterns; but, contrary to this expectation, ribosomes accumulate immediately after the shift at their final postshift exponential rate (5, 27 kinetic response of ribosome synthesis to a change in growth medium.
Starting point for this study was a previous theoretical analysis of the relations between RNA polymerase, ribosome synthesis, and the growth rate (2) . Since the rate ofrRNA synthesis after a shift-up is so rapidly established at its final level, it had been thought that all factors affecting rRNA synthesis assume their final postshift values after an essentially stepwise adjustment shortly after the shift of medium. The theory then showed that RNA polymerase and ribosomes must be made in fixed proportions before and after the shift-up (2) , an idea which appeared to be supported by the finding that RNA polymerase genes are cotranscribed with ribosomal protein genes (26, 34, 45) . But despite this cotranscription, synthesis of RNA polymerase relative to that of ribosomes was found to be a function of growth rate (21, 22, 30 42) . The contradiction between theory and observation is resolved here by the observation that two parameters affecting rRNA synthesis, i.e., the RNA polymerase activity and the relative rate of stable RNA synthesis (relative to total RNA synthesis), are actually not rapidly responding in a one-step manner, but are changing over a period of more than 1 h after the shift-up before they reach a final level characteristic for the postshift growth medium. This suggested that these parameters are continuously adjusted during postshift growth to some other reaction whose rate increases exponentially after a shiftup. It is proposed that this reaction is the production of aminoacyl tRNA.
Based on known and presumed properties of the tRNA charging reaction and relations between tRNA charging, levels of guanosine tetraphosphate, and rRNA synthesis, a theoretical model is derived to explain the observed shiftup response of ribosome synthesis. With respect to ribosome, RNA polymerase, and protein synthesis, the behavior of this model system in a computer simulation closely resembles the observed behavior of a bacterial culture subjected to a nutritional shift-up. The model predicts that the extent of tRNA charging after a shift-up should increase with biphasic kinetics, the final postshift level being reached only after several hours; this prediction may be testable in the future.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strain used for each of the four nutritional shift-up experiments was Escherichia coli B/r (ATCC 12407). Cultures were grown at 37°C in supplemented medium C (19), and growth was monitored as the increase in the concentration of cell mass (absorbance at 470 am, [A460] ). For all shift-up experiments, the exponential growth of the bacteria in minimal medium supplemented with a fnal concentration of 0.2% succinic acid was monitored for at least 2 h until the A460 was between 0.35 and 0.51. At this time (t = 0), the culture was diluted approximately twofold by the addition of fresh, prewarmed medium C supplemented with glucose (final concentration, 0.2%) and a mixture of 20 synthetic L-amino acids (each in proportion to the molar concentration in E. coli protein, all >50 ,ug/ ml) (43) , and culture growth was continued. At various times the culture was again diluted (approximately twofold) with prewarmed medium to keep the culture between an A46o of 0.25 and 0.85. Exact values of the dilution factors were obtained from the changes in A460 as described previously (5). The growth curves for an undiluted culture were then reconstructed as shown in the panels labeled "mass" in Fig. 1, 3 , and 4. The postshift doubling times were determined from the RNA accumulation curves.
Determination of RNA, protein, and RNA polymerase content. At both pre-and postshift times, duplicate 5-ml samples were removed for determination of RNA (as Am0 of acid-precipitable, alkali-labile material) and protein (by Lowry assay) as described previously (5) . For RNA polymerase determination, 150-ml samples were removed and prepared for electrophoresis as described (42) . The (5) .
Determination of the fractional synthesis rate of stable RNA. The fraction of pulse-labeled RNA that represents ribosomal and transfer RNA (r,/r,) was determined as described previously (42) . Briefly, duplicate 0.5-ml samples were removed from the culture at an A4w of 0.5, pulse-labeled with [5-3H] Figure 1 shows the measuring data after correction for this dilution and normalization to the zero time (shift time) values. Within minutes after the shift, RNA accumulated exponentially with a doubling time that remained constant during postshift growth (followed for 90 min, 10-fold increase in RNA).
Since this doubling time (24 min) was within the range of values observed as a culture doubling time during steady-state growth in glucose amino acids medium, it was presumed that the accumulation of RNA observed immediately after the shift-up was equal to (and thus determined) the final postshift doubling time of the culture, as has been concluded previously (5, 12, 27, 28) . RNA polymerase approached this doubling time much later, and total protein approached this doubling time even later. This shows that, after the shift, the synthesis of RNA polymerase relative to total protein (ap) increased, but it decreased relative to that of ribosomes (assuming RNA to be representative for ribosomes). This is seen more clearly in the graph shown in Fig. 2 , in which RNA and RNA polymerase from the experiment in Fig. 1 were plotted as a function of protein. The abrupt changes in the slopes of the curves at abscissa point P = 1 (i.e., at the time of the shift) indicate a stepwise increase in the relative rates of synthesis (relative to protein synthesis) of RNA polymerase (Aap, 1.6-fold increase) and of ribo- Shift-up experiment: accumulation of RNA, mass, protein, and RNA polymerase after the nutritional shift at t = 0. The experiment was performed as described in the text, with culture dilutions of 2.00-, 1.81-, and 1.79-fold at t = 0, 43, and 69 min, respectively. Each of the four parameters was determined from samples taken at the indicated times (0), all values being normalized to zero time. The preshift andpostshift doubling times were 114 and 25 min, respectively (thin straight lines). The kinetic curves ofprotein and RNA polymerase accumulation were calculated as described in the text, using the value of a = 0.9, Aar = 2.7, and Aap = 1.6. perturbation caused by the shift-up, as has been observed for ar (9) , but such oscillations would be difficult to detect from measurements of amounts rather than synthesis rates.
Changes in the concentration of RNA polymerase and in the RNA synthesis rate. The observed amount of RNA polymerase protein per total protein (Fig. 3 , curve labeled RNAP/P) can be used as a measure for the intracellular concentration of RNA polymerase, assuming that the protein content of a bacterium is a measure of its volume. We have verified this assumption by measuring, with an electronic particle-size analyzer, the average volume of cells growing at different rates, and with different DNA replication parameters that affect the cell volume. By combining the results with measurements of the average amount of protein per cell, the intracellular concentation of protein was found to be equal to 0.3 (±10%) g/ml (data not shown). In succinate-grown E. coli B/r, 1% of total protein is RNA polymerase (42) ; therefore, the average intracellular concentration of total RNA polymerase (i.e., in DNA-bound and in free form) is about 3 mg/ml. After a shift-up to glucose amino acids medium (experiment of Fig.  1 ) the concentration of RNA polymerase gradually increased and reached a 1.6-fold higher value after a period of several hours (Fig. 3) .
The rates of rRNA and tRNA synthesis were calculated from the observed accumulation of RNA, assuming that rRNA and tRNA are essentially stable and are made in constant proportions (10 tRNA molecules per 70S rRNA equivalent [8, 41] Fig. 1 . All zero-time values were set at 1.0; therefore, the line at 45°represents the preshift slope. The change in the slope of the RNA curve is equal to the change in the fractional synthesis of ribosomal protein (Aar = 2.7). Likewise, the change in the slope of the RNA polymerase curve is equal to the change in the fractional synthesis rate of RNA polymerase at the time of the shift-up (hap = 1.6). and mRNA (rm/P) per amount ofprotein after a shiftup (for the significance of r,,/P, and rm/P, see text); evaluation of the data in Fig. 1 (see text) . All preshift values were set at 1.0. For the rm/P curve, data from increased with biphasic kinetics to a final level that was 12 times higher than the preshift level. Since in E. coli the rRNA genes are clustered near the origin of DNA replication (1, 24) , and since the amount of protein per origin shows little variation with growth rate (14) , the number of rRNA genes per total protein is approximately constant and therefore r8/P is also a measure for the rate of transcription per rRNA gene. The rapid initial increase in rRNA gene transcription reflects mainly the shift of RNA polymerase from mRNA to stable RNA genes (see Fig. 6a ); the subsequent slower increase in r8/P must reflect the combined effect of the gradual increase in RNA polymerase concentration and the further gradual shift of polymerase from the synthesis of mRNA to that of stable RNA (see Fig. 6a below and Discussion).
By combining the r8/P curve with observed values for the relative proportions of the instantaneous synthesis rates of mRNA and stable RNA (ratio rm/r8, see Fig. 6a ), the rate of mRNA synthesis per total protein was obtained (Fig. 3 , curve labeled rm/P). Synthesis of mRNA per total protein decreased after the shift-up, which resulted from the fact that the ratio rm/rs decreased with time more than the concentration of polymerase increased. If DNA were not a limiting factor for the rate of transcription (i.e., if the rate of transcription were limited by the concentration of RNA polymerase), then r8/P and rm/P would reflect the concentration of free, functional RNA polymerase. The polymerase may exist in different comformations, one of which binds preferentially to rRNA (and tRNA and ribosomal protein) promoters, the other one of which binds to lac and bulk mRNA promoters (44) . Thus, the decrease in rm/P suggests that the concentration of free RNA polymerase in the conformation that synthesizes bulk mRNA decreases after a shift-up, as has been concluded previously from estimates of the transcription of constitutive lac genes after a nutritional shift-up (7) . Conversely, the increase in r,/P suggests an increase in the free enzyme of the "rRNA form". That DNA is not a limiting factor for RNA synthesis in bacteria is suggested by the 12-fold increase in the rate of transcription per rRNA gene (see above) and by observations with DNAfree minicells, which indicated that most of the RNA polymerase enzyme in E. coli is bound to DNA, and only a small fraction (about 15%) is free (N. Shepherd Variability in the shift-up response. Several repeats of the experiment in Fig. 1 gave somewhat variable results: in one experiment the RNA curve showed a small initial overshoot (Fig. 4) ; in another experiment the curve showed an initial lag of about 10 min (Fig. 5) . Most likely these differences are due to differences during preshift growth in succinate minimal medium (preshift doubling times were 114, 67, and 91 min in the experiments of Fig. 1, 4, and 5 ). These in turn reflect different values for the growth parameters, e.g., for the protein synthesis rate per ribosome (Table 1) Fig. 1 , except culture dilutions were 1.22-and 2.00-fold at t = 2 and 18 min, respectively; pre-andpostshift doubling times were 67 and 25 min, respectively, and a = 1.16, Aa, = 2.6, and Aap = 1.6. RNA polymerase is stimulated less than that of ribosomes by the shift-up, some of the parameters affecting ribosome synthesis were expected to increase late after the shift to keep the accumulation of ribosomes exponential (see above). Pertinent parameters are the distribution of active RNA polymerase molecules over stable RNA and mRNA genes (fraction of functioning RNA polymerase engaged in the synthesis of rRNA and tRNA) and the RNA polymerase activity (fraction of total RNA polymerase engaged in RNA chain elongation at any given time). These were also measured in the experiments shown in Fig. 1, 4 and 5. The relative rate of stable RNA synthesis increased with biphasic kinetics over a period of 40 to 60 min (Fig. 6a) : an initial (-5 min) phase of rapid increase was followed by a second longer phase of slow increase. Likewise, the RNA polymerase activity, given by the vertical distance between the total and functioning RNA polymerase curves in Fig.  7 , changed continuously during the first 60 to 90 min of postshift growth. Thus, in spite of the rapid establishment of a final and constant exponential rate of ribosome accumulation, factors that determine this rate did not rapidly assume final, constant values. Therefore, the constancy of the postshift ribosome doubling time does not result from the constancy of these parameters; rather, it appears that these parameters are adjusted to some other reaction whose rate increases exponentially after the shiftup (see below).
Protein synthesis per ribosome is not limited by the concentration of charged tRNA. The rate of protein synthesis per average ribosome is a growth-limiting parameter. It was reported to be independent of the growth rate (27) , to be constant only at growth rates above 1.2 doublings per hour (13), or to increase and approach a constant value with increasing growth rate (5). (Apparently, it does not change very much with growth rate, which makes these changes difficult to measure.) In the experiment shown in Fig. 8 , the protein synthesis rate per ribosome oscillated for the first 10 to 20 min after the shift-up and then stabilized at a value about 30% higher than the preshift value. Figure 8c (triangular symbols) also shows the Fig. 1 , except culture dilutions were 1.22-and 2.00-fold at t = 2 and 18 min, respectively; pre-and postshift doubling times were 91 and 27 min, respectively, and a = 0.83 and Aar = 2.6. Because Aap was not a constant, the postshift kinetics of RNA polymerase accumulation were simply drawn through the data points. ) RNA polymerase molecules after a shift-up; evaluation ofexperiments in Fig.  1, 4 , and 5 (panels a, b, and c). Total RNA polymerase kinetics are the same as those shown in Fig. 1, 4 , and 5; the other parameters were calculated as described in the text. All parameter values were normalized to 1.0 at t = 0, except mRNA synthesis, which is given relative to stable RNA synthesis; e.g., a value of 4.0 for the zero-time rate ofmRNA synthesis means that duringpreshift growth the rate ofmRNA synthesis is four times greater than the rate of stable RNA synthesis. After the shift-up, the rate ofmRNA synthesis became smaller than the rate of stable RNA synthesis (mRNA curve below stable RNA curve). synthesis per ribosome is not limited by the concentration of aminoacyl tRNAs. This implies that ribosome idling times (the times during which uncharged tRNA is bound to the ribosome) are short in comparison with the total step times of polypeptide chain growth. Therefore, the initial fluctuations in the rate of protein synthesis per ribosome and its final 30% increase are probably not due to changes in tRNA charging; rather, they might be the result of changing nucleotide (ATP and GTP) pools. DISCUSSION Control of RNA polymerase synthesis. After a nutritional shift-up from succinate minimal to glucose-amino acids medium, the relative rates of accumulation of both ribosomes (ar) and RNA polymerase (a,,) abruptly increased to their final levels (Fig. 2) ; the increases for ribosome synthesis and RNA polymerase synthesis were 2-to 3-fold and about 1.6-fold, respectively (Table 1). The stepwise increase in acp must result, at least in part, from the induction of ribosome synthesis since the genes for RNA polymerase ,B and 46' subunits rpoB,C are cotranscribed with ribosomal protein genes rplJ,L (26, 34, 45) . RNA genes (10) . This attentuation has been shown to be controlled and dependent on the function of the reLA gene (29, 37) . Therefore, the different shift-up responses of RNA polymerase and ribosome synthesis, evident in the different slopes of the polymerase and RNA curves of Fig. 2 , most likely reflect this control of transcription attenuation. Since the proportion of RNA polymerase to ribosomes decreases by the shift-up, and since this decrease occurs in a stepwise manner (Fig. 2) , we suggest that the concentration or activity of a hypothetical factor that controls the extent of this read-through also changes in a stepwise manner. The activity of the control factor should increase if the control is negative (termination factor), or decrease if the control is positive (anti-termination factor).
It has been proposed that RNA polymerase in bacteria acts as a negative control factor in its own synthesis (15, 40) . If this regulation were operative during a nutritional shift-up, one would have to infer that the shift-up produces a sudden (about 1.5-fold [42] ) increase in the concentration of RNA polymerase which would then cause the reduction in rpoB,C gene expression relative to ribosomal gene expression. Neither the concentration of total RNA polymerase (Fig. 3) nor the concentration of free RNA polymerase (see legend to Fig. 3) shows the stepwise 1.5-fold increase postulated for the change in the concentration of the hypothetical control factor. This is difficult to reconcile with the idea of an autogenous negative control as the major mechanism responsible for the growth rate-dependent changes in RNA polymerase synthesis. Whatever its nature, the factor that controls the expression of rpoB,C genes must either be unstable or be subject itself to a control of its activity to produce the sudden change in the proportions of the synthesis rates of ribosomes A model system to simulate the synthesis ofribosomes and RNA polymerase. The rate of RNA polymerase synthesis is the product of a, multiplied by the rate of protein synthesis, and the rate of protein synthesis is the product of the number of ribosomes multiplied by protein synthesis per ribosome. Using these relations, beginning with an arbitrary value for the number of ribosomes, and taking a, and the protein synthesis per ribosome (er) observed for succinate medium (Table 1) , we have calculated the rate of RNA polymerase synthesis, and from this rate, by multiplication by 1 min, the increment of RNA polymerase during a 1-min interval from t = 0 to t = 1 min. When this calculated increment is added to an arbitrary value for the number of RNA polymerase molecules at t = 0 min, the amount of RNA polymerase at t = 1 min is obtained. From the amount of RNA polymerase and from the observed values for the RNA polymerase activity (,,p), for the fraction of RNA polymerase engaged in rRNA synthesis ('Pr) and for the rRNA chain elongation rate (cr), the rate of rRNA synthesis and the 1-min increment in the number of ribosomes were calculated to give the ribosome number at t = 1 min. By reiteration of this process, the kinetics for the accumulation of ribosomes and RNA polymerase were obtained from observed values of ap, er, p,p, 'Pr and cr (Fig. 9) . Ribosomes and RNA polymerase initially accumulated at different rates, which depended on the arbitrarily assumed zero-time values for RNA polymerase and ribosomes. Gradually, however, the slopes for the ribosome and RNA polymerase curves became parallel and constant, corresponding to the 90-min doubling time characteristic for succinate medium. This shows that the bacterial growth rate is implied in or determined by the five observed parameters used for the calculation. (Previously, this had been shown mathematically by integration of the two rate equations for ribosome and polymerase synthesis [2] ). Also, the final proportion of RNA polymerase per ribosome was independent of the arbitrary zero-time ratio: after several hours this proportion became equal to one RNA polymerase molecule per five ribosomes, as is typical for E. coli B/r in succinate medium (42) .
From the rate of protein synthesis calculated above, the increment of protein during 1-min intervals and, again using an arbitrary zero time value, the kinetics for the accumulation of protein were obtained (Fig. 9) . The protein doubling time also became 90 min; besides, the amounts of RNA polymerase and ribosomes per amount of protein (corresponding to ap and ar) assumed For the solid curves, Nr and Np for t = 0 were arbitrarily set at 100 and 2, respectively (Np/Nr = 0.02). The simulated system reached "steady-state exponential growth" after several hours, with the correct (observed) NpI/N value of 0.2. For the dashed curves, after the number ofribosomes in the simulated culture had reached a value of 1,000 (exponential growth), the system was "diluted" 100-fold (i.e., the values for N,, Np, and P were divided by 100), and the time was reset to 0. Protein, ribosomes, and RNA polymerase continued to increase exponentially with the correct doubling time.
the correct values for succinate medium. (This cannot be seen in Fig. 9 , because instead of plotting absolute values for protein, relative values have been plotted by setting the zero-time amount of protein at 1.0.) When the curves for protein, ribosomes, and RNA polymerase become parallel, one has in fact simulated steadystate exponential growth of the model system. The simulated system may be "diluted" by dividing all values by the same factor and the time reset to zero: the system then continues to "grow exponentially" (Fig. 9, dashed curves) .
The model may be extended to include DNA and cell division such that the amounts of DNA, RNA, protein, RNA polymerase, ribosomes, and mRNA, etc., can be given per cell rather than per unit volume of culture. For that purpose, one would have to introduce additional observed parameters (amount of protein per replication origin [14] and the so-called C-and D-period VOL. 143, 1980 [20]) and the known theoretical relations between these parameters and replication and division (3). However, since DNA concentration and cell division can be experimentally altered without affecting the rate of growth (36) , DNA and cell division do not appear to be growth limiting and therefore were not included here. (In fact, the amounts of DNA per cell are irrelevant for the rate of growth; pertinent are the concentrations, which are independent of the cell size.)
The five observed input parameters may be substituted by other growth parameters; for example, 44 is substituted below by parameters that relate to tRNA charging. Further, some of the parameters are directly regulated, like the ppGpp-dependent distribution of RNA polymerase activity over ribosomal (44) and nonribosomal ('Pm) genes; other parameters are not directly controlled, like the rRNA chain elongation rate (cr).
Relation between tRNA charging and synthesis of stable RNA. To quantitatively relate 44 to tRNA charging, we have assumed that the fraction (4'm) of RNA polymerase engaged in the synthesis of mRNA (4'm = 1 -44) increases in proportion to the relative concentration of uncharged tRNA ( U/T, uncharged/total tRNA); i.e., the more uncharged tRNA relative to total tRNA, the more ppGpp; the more ppGpp, the more mRNA and the less rRNA synthesis. Assuming that 70% of the tRNA is [S] is the concentration of synthetase, and the activity factor k is defined as the rate of aminoacylation of tRNA per amount of synthetase and per concentration of uncharged tRNA. The relation says that the more ribosome activity (er), the more uncharged tRNA, which reflects the fact that uncharged tRNA is the byproduct of protein synthesis; and the more synthetase activity, the less uncharged tRNA. The relation takes into account that tRNA is made in constant proportion to ribosomes (8, 41) : the equation should logically contain the concentration of ribosomes in the numerator and the concentration of total tRNA in the denominator, but because of the constant relative proportions of ribosomes and tRNA these cancel with the exception of a factor of 10 that has been included RNA POLYMERASE AFTER SHIFT-UP 1341 in k (there are 10 tRNA molecules per ribosome).
The relation is further based on the unproven but plausible assumption that synthetase enzymes do not become saturated with uncharged tRNA in the physiological range of tRNA concentrations. Otherwise, the slightest reduction in ribosome function (e.g., if bacteria are subjected to a very low concentration of chloramphenicol) would immediately produce a nearly complete disappearance of uncharged tRNA. This seems unlikely since it would not allow the cell to finely adjust ribosome synthesis to small changes in the supply or consumption of amino acids.
Setting again the average charging of tRNA in succinate miniimal medium equal to 70% (U! T = 0.3), the activity factor k for succinate medium was estimated from the above relation by substituting values for er ( found that ap increased less than did ar (Fig. 2) .
This implies that at least one of the factors affecting stable RNA synthesis must increase late after the shift-up to keep ribosome synthesis exponential. Two of the relevant parameters were indeed found to change in complex patterns rather than not high enough to supply the amount of rRNA required for exponential ribosome synthesis, then more RNA polymerase was shifted from the synthesis of mRNA to the synthesis of stable RNA (Fig. 6) . A gradually increased overall charging of tRNA during postshift growth is proposed to be responsible for the observed gradual increase in the relative rate of stable RNA synthesis. To test this idea, a shift-up was simulated, assuming that the initial rapid increase in + immediately after the shift-up reflects a sudden increase in synthetase activity, i.e., in the value of the activity factor k in the relation above, due to increased ATP and amino acid pools and that k remains constant during further postshift growth (i.e., that the ATP and amino acid pools either remain constant or become saturating for synthetase function). shown that different synthetase genes respond differently to a shift-up, such that, on the average, a,, increases stepwise after the shift-up and somewhat less than a, (32, 33, 38) . For the simulated shift-up shown in Fig. 11 , an average 1.5-fold increase in a8 was used (estimated from the data in reference 38).
